Recently, we have reported the chemical properties of some jellyfish proteinaceous toxins. These were the first chemical characterizations of jellyfish protein toxins to be reported. The isolation of the proteinaceous toxins in their active forms was the key step in the studies. We isolated the toxins from three box jellyfish (Cubozoa) species [Carybdea rastoni (C. rastoni), Carybdea alata (C. alata), and Chiropsalmus quadrigatus (C. quadrigatus)]. These toxins showed lethal toxicity to crustaceans and hemolytic activity. Furthermore, the full-length cDNAs and the deduced amino acid sequences of the toxins were clarified. All of these toxins have a molecular weight of around 45 kDa and their amino acid sequences showed homology with each other. The box jellyfish toxins represent a novel bioactive protein family.
INTRODUCTION
Some jellyfish have venomous stings and are harmful to humans. For example, the deadly box jellyfish Chironex fleckeri (C. fleckeri) has caused many fatalities in Australia and the Portuguese manof-war Physalia physalis also has a severe sting occasionally causing death. 1) From the public health point of view, jellyfish toxins have been extensively examined and revealed to be mostly proteinaceous toxins. 2) However, the precise chemical nature of none of the jellyfish toxins has been successfully elucidated, because the lability of these toxins has hampered further studies.
3) Among the many jellyfish species, box jellyfish (Cubozoa) are especially recognized as hazardous and include C. fleckeri, Chiropsalmus quadrigatus (C. quadrigatus), Carukia barnesi, Carybdea rastoni (C. rastoni), and Carybdea alata (C. alata). 4) Thus our group has focused on the chemical characterization of box jellyfish toxins. This paper summarizes the recent progress in the study of jellyfish toxin, especially box jellyfish toxin.
*To whom correspondence should be addressed: Department of Ocean Sciences, Tokyo University of Marine Science and Technology, 4-5-7 Konan, Minato-ku, Tokyo 108-8477, Japan. Tel.: +81-3-5463-0454; Fax: +81-3-5463-0398; E-mail: nagai@edu. s.kaiyodai.ac.jp amino acid sequence information, degenerate RT-PCR and 5′-and 3′-rapid amplification of cDNA ends (RACE) experiments were performed that finally revealed the 5′-and 3′-termini sequences of the full-length cDNA (1600 bp) that encodes both CrTX-A and CrTX-B. Histopathologic studies, clearly showed that CrTX-A (0.1 µg/injection) caused inflammation of the affected area comparable to the symptoms in humans after C. rastoni stings. CrTX-A was the main toxin in the nematocyst, which is the organ responsible for cnidarian stinging. Thus the results of pathologic study showed CrTX-A was the toxin responsible for the cutaneous inflammation observed in humans after C. rastoni stings. CrTX-A was the first toxin isolated that was determined to be the causative agent of cutaneous inflammation due to jellyfish stings.
Proteinaceous Toxins from C. alata
The box jellyfish (sea wasp) C. alata is a stinging jellyfish. 6) Stinging by C. alata causes cutaneous pain and inflammation in humans, similar to that by C. rastoni. This species is distributed widely in the tropical zones of the Atlantic, Pacific, and Indian Oceans. Interestingly, in Hawaii, massive invasions by this species occur every 9th or 10th day after a full moon on the southern shores (Waikiki Beach) of Oahu. 7) C. alata toxins A and B (CaTX-A, 43 kDa; CaTX-B, 45 kDa) were successfully isolated employing the toxin isolation procedure developed for C. rastoni mentioned above. We found that CaTX-A, but not CaTX-B, was present in C. alata nematocysts. The full-length cDNA (2000 bp) that encodes a 463-amino acid protein (CaTX-A) was determined.
Proteinaceous Toxins from C. quadrigatus
The box jellyfish (sea wasp) C. quadrigatus (habu-kurage in Japanese) is widely distributed in the tropical Indo-Pacific region.
8) The sting of C. quadrigatus is so severe that it is sometimes fatal to humans. In Okinawa, a tropical region of Japan, three fatal stings have been officially reported so far. 9) Death is caused by cardiac arrest in systole or respiratory failure with acute pulmonary edema. Children are particularly susceptible.
C. quadrigatus toxin A (CqTX-A, 44 kDa) was isolated using the toxin isolation procedure developed for the study of C. rastoni toxin. Furthermore, the isolation procedure for CqTX-A could be simplified in comparison with the procedures for C. rastoni and C. alata toxins because the cleanly isolated nematocysts were used as a starting material. The full-length cDNA (1938 bp) that encodes a 462-amino acid proteinaceous toxin (CqTX-A) was determined ( Fig. 1) .
Comparison of Proteinaceous Toxins Obtained from Box Jellyfish
The calculated isoelectric points for these proteinaceous toxins from box jellyfish indicated the basic nature of these proteins. During the study of toxins from C. rastoni, remarkable loss of sample toxicity during storage or purification were caused by adhesion of the toxins to the glass or membrane filter. Furthermore, we could not recover active toxins from the glass or membrane filter. Thus the basic nature of these protein toxins may account for the adhesive tendency and also the instability of the box jellyfish toxins.
Comparison of the deduced CaTX-A amino acid (Fig. 2) . A box indicates the N-terminal amino acid of the mature CqTX-A. sequence using the BLAST algorithm revealed homology (43.7%) with that of CrTXs.
6) The deduced CqTX-A amino acid sequence had 25.2% homology with that of CrTXs and 21.6% homology with that of CaTX-A. 8) Comparison of the box jellyfish toxin amino acid sequences with those of other proteins using the BLAST (basic local alignment search tool) algorithm showed no significant similarity. 8) Since a novel bioactive protein family has emerged from these studies of the box jellyfish toxins (CrTXs, CaTX-A, and CqTX-A), we propose here to designate these novel bioactive proteins as the box jellyfish toxin family. Secondary structural analysis of these toxins predicted the presence of α-helices that existed in the N-terminus region. Construction of an "Edmundson wheel" 10) showed that the predicted α-helices were amphiphilic (Fig. 2) . Previous studies suggested that the amphiphilic structures of some cytolytic protein toxins allow the formation of pores in cell membranes, [11] [12] [13] and thus the amphiphilic structures of the box jellyfish toxins may explain their potent hemolytic activity (Table 1) .
Lethal Toxicity and Hemolytic Activity
The LD 50 values (intraperitoneal injection) of CqTX-A, CrTX-A, and CaTX-A in crayfish (Procambarus clarkii) were 80 µg/kg, 5 µg/kg, and 5-25 µg/kg, respectively (Table 1) . CqTX-A, CrTX-A, and CaTX-A caused 50% hemolysis in 0.8% sheep red blood cells at a concentration of 160 ng/ ml, 2 ng/ml, and 70 ng/ml, respectively (Table 1) . 5, 6, 8) These data indicate that CqTX-A is less toxic than CrTX-A and CaTX-A. The number of tentacles of C. quadrigatus is several times greater than that of C. alata or C. rastoni. Furthermore, the length of the tentacles of C. quadrigatus is at least three times that of C. alata or C. rastoni. Therefore, in human stings, the amount of toxin injected into the victim by C. quadrigatus in one incident should be much greater than the amounts injected by C. alata or C. rastoni. This is one reason why C. quadrigatus stings are more dangerous than those of C. rastoni or C. alata. Massive regional stings were observed on the bodies at autopsy after fatal C. quadrigatus incidents. CqTX-A was the major toxin in the nematocysts, and thus CqTX-A is likely to be the causative toxin in fatal cases of C. quadrigatus stings. Further study on the mode of action of these toxins will lead to the development of effective and specific remedies for box jellyfish stings. 
